In this study, we used the digital-image-correlation (DIC) technique to investigate microstrain distribution after 5% deformation. Electron backscatter diffraction (EBSD) was also investigated in the orientation maps at triple junctions for an aluminum polycrystal after annealing at 360 C for 5, 20, 40, and 80 min, respectively. The results of the strain distribution demonstrated that strong deformation heterogeneities occur in the form of macroscopic shear localizations and that the average orientation spread or misorientation increases during annealing. Further, grain boundary migration was observed even at grain boundaries with the smallest differences in the orientation spread.
Introduction
During metal-forming processes, shear band localizations, formation of necking and earring, and surface roughening appear as macroscale deformation heterogeneities; such deformations are influenced by a number of factors including various extrinsic and intrinsic effects. 1, 2) The heterogeneous localizations in the microstructure at the mesoscale occur at the grain boundaries, triple junctions and quadruple points. 3, 4) Studying the crystallographic orientation texture plays a central role in understanding deformation heterogeneities and recrystallization phenomenon during the consequent annealing process.
In this study, we particularly focused upon the response of the crystallographic microstructure under mechanical interaction at the mesoscale, such as grain boundaries and triple junctions. Previous studies [5] [6] [7] [8] [9] [10] on the deformation of single aluminum crystals have been concerned with the deformation microstructure and deformation-induced crystal rotation. It has been found that spatial and orientational heterogeneity are related to crystal orientation. To understand the mechanical effect of grain boundaries, therefore, bicrystals with well-defined characteristics during deformation have been investigated extensively in previous works. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] These early investigations only focused upon intergranular incompatibility 24, 25) and intragranular heterogeneity. 19, 28) Compared to the number of studies on bicrystals, research on triple junctions has been much lesser. The structure of triple junctions has been presented using geometrical models, such as the first O-lattice theory by Bollmann, 29, 30) the coincidence site lattice (CSL), 31) and the coincident axial direction (CAD or plane matching) 32) models. Only few studies 33, 34) have investigated the hardening phenomena at the triple junction thus far. In this study, the migration of grain boundaries and triple junctions in aluminum polycrystals was investigated in connection with deformation mapping and orientation mapping.
Materials and Experimental Procedure
A pure aluminum polycrystal was produced by annealing at 600 C for 24 h and was then formed into the sample geometry of 3 Â 12 Â 12 mm 3 by using an electric discharge machine. The smooth surfaces of the sample were obtained by polishing it with 2000-grit SiC abrasive papers, and then with 0.5-mm diamond paste. After polishing the samples, a stochastic color spray pattern for full strain field measurements was produced on the sample surface. The channel-die compression, as shown in Fig. 1 , was carried out on the Al specimen at up to 5% thickness reduction. After 5% deformation, the sample surface was registered as raw data in comparison with the initial photo for the microstrain distribution analysis. The in-plane strain distribution was determined on the sample surface using photogrammetry based on digital image correlation. 35) After 5% deformation, the aluminum specimen was annealed in a rapid thermal annealing (RTA) furnace at 360 C for 5, 20, 40, and 80 min each. After the different annealing times, the specimen was investigated using electron backscatter diffraction (EBSD) in an area of 500 Â 500 mm 2 around the triple junctions with a scanning step size of 0.05 mm in a field emission gunscanning electron microscope (FEG SEM) at 20 kV.
Results and Discussion

Macroscopic deformation heterogeneity
The von Mises strain distribution on the sample surface obtained using DIC analysis software after 5% compression is shown in Fig. 2 . It can be observed that the strain mapping shows heterogeneity deformation among three grains and at the triple junctions, where strong deformation heterogeneities occur in the form of macroscopic shear localizations. The average von Mises strain for grains A, B, C, D, and E are 3.8%, 4.5%, 7.3%, 6.1%, and 6.6%, respectively. According to the definition of the Taylor factor, the Taylor factors of grains A, B, C, D, and E are 3.6, 2.8, 2.9, 2.5, and 3.23, respectively. The value of the Taylor factor is inversely correlated to the potential of deformation. Therefore, grain A with the highest Taylor factor of 3.6 shows the least deformation of 3.8% among the grains. However, this relationship does not hold true in the case of grain D-it has the lowest Taylor factor, i.e., 2.5, but not the highest deformation (grain D, 6.1%; grain C, 7.3%). These findings suggest that the macroscopic observation of the deformation heterogeneities cannot be fully explained with the Taylor model. In addition, it is impossible to relate this macroscopic deformation heterogeneity with the microstructure within each grain.
Macroscopic shear localizations pass through these five grains. From isotropic J2-based continuum mechanics, it is well known that the friction between a tool and a sample in a compression experiment leads to the formation of shear localizations entering the material at each corner under a certain degree with respect to the compression axis. 2, 36) 
Orientation spread
To investigate the local reorientation at the triple junction after annealing for 5, 20, 40, and 80 min, orientation image maps at junctions J1, J2, and J3 were obtained. Misorientations of grain boundaries at junctions are shown in Table 1 . However, due to space constraints, only the orientation maps after 5 and 80 min are displayed in Fig. 3 , in terms of the misorientation angle. The color coding in Fig. 3(g ) represents the differences in the misorientation angle with the average orientation of each grain of junction 1, 2, and 3 as the reference orientation. A darker color indicates a larger misorientation angle, i.e., a larger orientation lattice rotation. In general, all orientation maps obtained from EBSD in the vicinity of the triple junction reveal the existence of orientation heterogeneities on the length scale of micrometers after 5 and 80 min. After 5 min, the microstructures of all grains in the vicinity of the triple junctions J1, J2, and J3 are able to be assumed as fairly identical to the deformation microstructures before annealing. Particularly, the deformation microstructure for grain E in junction 1 ( Fig. 3(a) ) shows orientation block patterns that consist of regions of alternating lattice rotations with respect to the average orientation of the whole area. However, grains A and B in junction 1 reveal a lamellar parallel band. Grains in junction 2 and 3 also show block patterns; the formation of these patterns can be explained using the above details. The activated alternating types of glide systems in different regions of the crystal can be explained by the formation of these orientational block patterns. The different active glide systems in the different regions lead to different crystal rotations and, therefore, to the formation of blocks as reported in. [37] [38] [39] After 80 min of annealing, the previous deformed microstructures with distinguished band structures are smoothed in Fig. 3(b), Fig. 3(d) , and Fig. 3(f) . This observation indicates the decreasing orientation fluctuation after 80 min of annealing. Figure 4 shows the local orientation spread of all grains at the junctions J1, J2, and J3. According to the definition of the TSL analysis software, the local orientation spread is the average deviation of each constituent point with the average orientation. After annealing for 80 min, the local orientation spread was in the range of 0.5 to 0.6 and the spread is from 0.34 to 0.49 for 5 min in Table 2 . This indicates that the orientation spread increases as the annealing time is increased. It has been accepted that the average orientation spread or misorientation decreases during annealing. Furu et al. 40) found that as subgrain growth proceeded, the average subgrain misorientation increased. Furu's results are consistent with our observations at the triple junctions. The local orientation spread can be 
explained with the formation of the submicrostructure resulting from the deformation pattern, which can also be observed at junction J1 after annealing for 5 min, for example, as shown in Fig. 3(a) .
Boundary migration
After annealing for 5, 20, 40, and 80 min, junctions J1, J2, and J3 are schematically plotted together in Fig. 4 based on the image quality maps in order to show the migration of grain boundaries. The grain boundary A/B at junction J1 migrates first after 20 min, then the grain boundaries A/B and E/B after 40 min, and after 80 min, at the triple junction J1, the boundaries migrate as shown in Fig. 5(a) . The grain boundary E/C at junction J2 migrates after 40 min, and then after 80 min migrates at the triple junction J1 as shown in
(g) The smallest difference in the orientation spread is between grains A and B. At junctions J2 and J3, the smallest orientation spread is at the boundaries E/C and D/C with the values of 0.027 and 0.014, respectively. There appears to be a certain relationship in the occurrence of the first boundary migration with the smallest difference of the orientation spread in the neighboring grains.
Conclusions
As summarized from the above results, strong deformation heterogeneities occur in the form of macroscopic shear localizations. The average orientation spread or misorientation among three grains at the same junction increases during annealing. Grain boundary migration is observed when the smallest difference in the orientation spread occurs among three grains at the same junction.
